Abstract Consuming a high-fat/high-fructose diet (HFD) starting at a young age leads to the development of obesity and to the progression of metabolic syndrome (MS). We are interested in the relationship between MS and DNA methylation as a mediator of the metabolic memory and the early appearance of these diseases in the progeny. To this end, Wistar rats were fed a HFD for 1 year, and every 12 weeks, biochemical analyses were performed. After 24 weeks, animals fed the HFD showed alterations related to MS such as elevated blood levels of fasting glucose, triglycerides, and insulin compared with their littermate controls. During the experimental period, the control females exhibited a 40 % lower 5-methylcytosine (5-mC) level compared to the control males. The HFD affected the 5-mC levels in males and females differently. The HFD induced a 20 % decrease in the 5-mC levels in males and a 15 % increase in females. We found that the HFD induces an early presentation of MS in the progeny of treated animals and that the DNA methylation was altered in the F 1 generation. The presentation of MS is positively associated with changes in the global percentage of 5-mC in the DNA.
Introduction
Overweight and obesity are caused by excessive fat accumulation due to changes in lifestyle and a diet rich in carbohydrates and fat, in addition to inherited genetic factors (Gupta et al. 2013; Yang et al. 2012) . Those who are overweight have a high risk of developing chronic degenerative diseases such as type 2 diabetes mellitus (T2D), cancer, Alzheimer disease, or cardiovascular diseases (CVD) (Altunkaynak and Ozbek 2009; Dulloo and Montani 2012) . A common link between these diseases is that their progress is led by metabolic syndrome (MS) . Approximately 20-25 % of the world's adult population has MS associated with obesity, which doubles their mortality rate (Yang et al. 2012) .
The longer hyperglycemia is left untreated, the greater is the damage that occurs to the organs and tissues (Jax 2010) , which is difficult to reverse due to metabolic memory (Ceriello et al. 2009; El-Osta 2012) . Metabolic memory is initiated by a hyperglycemic state, which is remembered in target organs even after achieving glucose control (Ceriello et al. 2009; Jax 2010; Tonna et al. 2010) , and as a consequence, oxidative stress induces epigenetic changes (Ceriello 2010; El-Osta et al. 2008) .
Methylation in coding regions is a key mechanism of epigenetic regulation modifying gene expression without affecting the primary DNA sequence (Luttmer et al. 2013) . Obesity, MS, and insulin resistance (IR) are associated with changes in DNA methylation (Gemma et al. 2010; Luttmer et al. 2013; Wang et al. 2010) . Diet is a critical modulator of epigenetic programming in MS (Chaudhary et al. 2012; Pelizzola and Ecker 2011) , and consumption of a high-fat diet has a strong effect on the methylation status of genes related to obesity (Milagro et al. 2013) . Epigenetic changes in early postnatal life increase the susceptibility to & Luis M. Salgado luism.salgado@yahoo.com.mx developing T2D and CVD in the later stages of life (Chaudhary et al. 2012) . To add to our knowledge of the relationship between DNA methylation and obesity and metabolic syndrome, specifically during its development, we used an animal model of diet-induced obesity and followed the amount of DNA methylation over time in both parental and F 1 generations.
Materials and methods

Animals and experimental design
The parental group consisted of Wistar rats obtained as weanlings from Charles River. They were adapted 1 week to the housing conditions (24 ± 1°C, 12-h:12-h light:dark cycle) in stainless steel cages (40 9 24 9 19 cm, three animals per cage) with access to food and water ad libitum. They were divided into two groups of males (M) and females (F) fed a control diet (M-CON, n = 18; F-CON, n = 17) or a high-fat/high-fructose diet (M-HFD, n = 20; F-HFD, n = 20). The control diet was nu3Lab22-5 At weeks 24, 36, and 48, three cross breedings were set: (1) Male HFD 9 Female HFD , (2) Male HFD 9 Female CON , and (3) Male CON 9 Female HFD (four crosses of each, one male and two females for each cross), to obtain three groups of F 1 offspring. Crosses between animals under control diet were not set because it was expected that their F 1 showed the same biochemical values as the original population. The newborn animals remained with their mothers until weaning (3 weeks of age), and then, the F 1 generation was randomly divided into two groups (CON and HFD) to receive the diets described above. Their biochemical parameters were measured at 12 and 24 weeks.
The diabetic group consisted of male Wistar rats (425 ± 11.90 g, n = 4) that received a single dose of 45 mg/kg of streptozotocin (STZ, , dissolved in 0.05 M citrate buffer, pH 4) intraperitoneally under fasting conditions, and animals with values above 11.10 mmol/L were included in the study. The experimental procedures were in accordance with the Animal Care and Use protocol of the University of Queretaro.
Measurements and blood sampling
Tail vein blood samples were tested for fasting glucose (Accucheck Performa Ò , Roche) and triglycerides (Accutrend Plus Ò , Roche). The insulin concentration was measured using a commercial rat kit (EZRMI-13 K Ò , Millipore). The IR index was calculated using the Homeostasis Model Assessment: insulin resistance (HOMA IR) according to the following equation:
½Insulin level ðhU=mLÞ Ã fasting glucose mmol=L ð Þ =22:5
Glucose tolerance test (GTT) A tail vein blood sample was taken at time 0, before the glucose injection was given (the animals received an ip injection of glucose, 4 mL/kg body weight of a 50 % glucose solution), and circulating glucose levels were determined from tail vein blood samples after 30, 60, and 120 min following the injection (Alarcon-Aguilar et al. 2003) .
Definitions of the body mass index and metabolic syndrome
Definition of the body mass index (BMI) in rats-6-monthold animals were chosen as a reference to establish the BMI scale for each gender: the average body weight in kilograms and the length (measured from the tip of the nose to the base of the tail) in meters, according to the formula: BMI = weight/(length) 2 ; the upper value for a normal BMI for males was established at 7.8 and for females at 6.7 kg/ m 2 , which we estimated to be equivalent to the cutoff point of 25 kg/m 2 used for humans.
Definition of metabolic syndrome (MS) in rats
We took the average of the biochemical values from sixmonth-old animals, the healthy biochemical parameters considered were fasting glucose up to 5.55 mmol/L, postprandial glucose up to 8.33 mmol/L after 120 min, triglycerides up to 1.29 mmol/L, and insulin approximately 262 pmol/L (males) or 168 pmol/L (females). The animals with two or three values beyond the cutoff points plus an elevated BMI were classified as having MS.
Quantitation of global DNA methylation
The DNA from blood cells was isolated according to Casabianca et al. (2007) with some modifications. The percentage of global DNA methylation was determined with a 5-mC DNA ELISA Kit Ò (Zymo Research) at 405 nm according to the manufacturer's instructions using 100 ng of genomic DNA.
Statistical methods
The results are expressed as the mean ± SEM. The difference between the HFD and CON groups was determined using Dunnett's test, with statistical significance set at P \ 0.05. Linear regression analyses were performed to follow the changes in the percentage of 5-mC over time. Analyses were performed using JMP version 10.
Results
The HFD effectively increases body weight and BMI
The ingestion of a high-calorie diet is considered to be the leading cause of the worldwide obesity epidemic. The degree of obesity is related not only to the increase in energy consumption but to the energy density and the type and amount of fat in the diet (Westerterp-Plantenga 2001) , and for this reason, we included pork lard in the HFD as the main source of saturated fat (National Research Council 1976) . The ingestion of artificially sweetened beverages is another causal agent for obesity, mostly due to their fructose content. Therefore, the carbohydrate content of the experimental diet was increased with fructose.
The diets were administered throughout 48 weeks to the animals, and their body weights were measured weekly. The animals fed the HFD increased their weights faster than the control group, and they were the heaviest at the end of the experiment (Table 1) . At week 36, the HFD males increased their weight approximately tenfold (compared to their weight at the beginning of the experiment), by approximately 100 g more than the control group of the same age. At the same time, the HFD females had increased their weight sevenfold (compared to their weight at the beginning of the experiment), by approximately 50 g more than their controls.
The BMI was used in this study to estimate the degree of obesity of the animals using the following upper limits: 9 and 10.3 (for overweight and obesity type II) for males, and 7.9 and 8.9 for females. The males fed the HFD were classified as overweight from week 24 onward. Some animals were classified as obesity type II, but they did not complete the 48 weeks (the heaviest animals were killed earlier). The females from the HFD group were always heavier than their controls, but both were under the established limit for a normal BMI (Table 1 ). The male control group was overweight from week 36 onward, probably due to the absence of physical activity of the animals in their small cages (0.1 m 2 for two or three animals). At week 48, the number of animals remaining was small, and we decided not to include their results, which is why the results in the tables and figures only show data up to week 36.
Development of metabolic syndrome
Obesity has been linked to the development and severity of different pathologies including T2D, CVD, and cancer. Obesity is the main factor responsible for the problems associated with adult-onset metabolic diseases such as glucose intolerance, insulin resistance, dyslipidemia, and later type 2 diabetes and cardiovascular disorders Ng et al. 2010; Schwenk et al. 2013) . In addition to the change in the body weight of the animals, several biochemical parameters were measured during the experimental period to define the time frame for the development of metabolic syndrome. Increased circulating levels of glucose are considered one of the first manifestations of metabolic syndrome, and we measured fasting glucose levels in the animals every 3 months. Those fed the HFD showed higher levels of fasting glucose compared to the CON group throughout the experimental period, and we found significant differences from 12 weeks onward (P \ 0.05; Table 1 ). The HFD males showed prediabetic levels from week 36 onward, while the corresponding females showed them from week 12 and on. The corresponding controls were mostly below the normal limit cutoff point. Goumenos et al. (2002) found that fasting glucose is not the best test to detect glucose intolerance. To complete the characterization, the GTT was performed on the animals every 3 months. Glucose intolerance was markedly detected in the male HFD rats from week 24 onward, but the control males maintained normal postprandial levels throughout the study. The females did not show abnormal glucose levels during any of the sampling times (Table 1) .
Glucose intolerance is a common condition that occurs in overweight or obese individuals and is accompanied by increased insulin secretion from the pancreas in an attempt to regulate the high glucose levels. This effect is known as compensatory hyperinsulinemia (Wilcox 2005) . Similarly, hyperinsulinemia can be generated by the excessive consumption of fat and increased plasma-free fatty acids (Han et al. 2008) . In agreement with the results from the postprandial glucose levels, the males in the HFD group showed higher insulin levels, which created a hyperinsulinemic state from week 24 onward. The other groups showed normal insulin levels throughout the experimental period, and only HFD females showed elevated levels after 36 weeks (Table 1) . Subsequently, IR was determined using the HOMA index, and again, only the males fed the HFD showed high HOMA values from week 24 onward, indicating that they developed IR. All of the other groups had normal HOMA values and did not develop IR (Table 1) .
A direct consequence of a HFD is a high level of circulating triglycerides, and their elevation is one important feature of metabolic syndrome. The males in the HFD group showed the highest levels of triglycerides among the four groups, and it was significant from week 12 on (P \ 0.05). Their triglyceride levels reached a maximum at week 36 (Table 1) and were maintained up to week 48 (data not shown). The females in the CON and HFD groups did not show a significant difference at any time point, but there was a trend for the triglyceride levels to be higher in the HFD group compared to the CON group (Table 1) .
The animals fed the HFD showed, throughout the experiment, alterations in their biochemical parameters that resembled those that are present during MS in humans. Using the criteria established in the previous section, MS development was observed in both genders. The first animals fulfilling the requirements to be classified as having MS came from the HFD female group (Fig. 1a) . After 36 weeks, an increasing number of animals, nearly 40 % of males and females, were classified as having MS. At this time, even some animals under the control diet showed characteristics of MS (Fig. 1a) , we believe that this should be a consequence of their increase in weight due to their lack of movement as mentioned before. The number of animals with MS was almost the same in the four groups after 48 weeks, although the cumulative number of animals with MS was around 90 % for those receiving the HFD (data not shown).
DNA methylation and metabolic syndrome
Different mechanisms have been proposed to explain the deleterious effects of hyperglycemia (Brownlee 2005; Zhang et al. 2012) . Among them, epigenetic modifications are a notable mechanism to explain the damage caused by the high glucose levels and its long-lasting effects Schwenk et al. 2013) . From peripheral blood leukocytes, we isolated DNA and measured the percentage of global methylation (percentage of 5-methylcytosine, 5-mC). The percentage of methylated DNA from control animals at week 12 was 2.14 % for males and 1.27 % for females ( Table 2) that are values that are in the range of previously published data (Crescenti et al. 2013; Shimabukuro et al. 2006) . The percentage of methylation increased with time, and although the differences were not significant, the trend is evident from the regression line plotted from the values in Table 2 , which gave R 2 values of 0.95 and 0.93 for males and females, respectively (Fig. 2a , Mean values differ significantly from the control, * P \ 0.05, tested by Dunnett's test b). The HFD induced changes in the percentage of DNA methylation, but males and females were affected differently (Table 2) : In males, the diet induced a reduction in the amount of methylation to 1.69 % at week 12, and the values, which increased over time, were always lower than in their controls (Table 2 ; Fig. 2a ). In the females, the HFD induced an increase in the amount of methylation to 1.48 %, and the values were higher than in their controls (Table 2 ; Fig. 2b ). Similar to the results obtained with the controls, males and females fed the HFD showed an increase in their percentage of DNA methylation over time, and the R 2 values for males and females were 0.99 and 0.91, respectively.
Diabetic animals, as induced by STZ, were used for comparison. In Table 1 , some of their biochemical parameters are shown; one observes high levels of glucose and triglycerides that characterize their health status. In Table 2 , the amount of methylated DNA reached 2.89 %, a number higher than any of those obtained with the other experimental groups, either under the control or HFD.
Transmission of metabolic syndrome to the offspring
Recent studies have suggested that environmentally induced epigenetic modifications may be transmissible through the germline and may be an important mechanism underlying intergenerational effects (King et al. 2013) . Changes in gene expression related to energy metabolism and DNA methylation indicate that a high risk of developing MS might originate during the intrauterine growth period (Lin et al. 2012 ) and may be transmissible through the germline (King et al. 2013 ). We performed three types of crosses to obtain the offspring involving at least one parent under the HFD. In general, more male than female offspring were produced for the different crosses and mating times, and the oldest parents produced the lowest number of offspring. The results shown correspond to crosses obtained from the parental animals aged 24 and 36 weeks old because crosses initiated with 48-week-old animals did not produce progeny. The cross set with animals 24 weeks old produced a progeny of 29 (M HFD 9 -F HFD , 3; M HFD 9 F CON 8; M CON 9 F HFD , 18), 18 males and 11 females, while from the cross set with animals 36 weeks old produced a progeny of seven (M CON 9 F HFD , 7), four males and three females. The progeny were classified according to their origin and maintained with their littermates receiving the same diet. Some crosses gave only % 5-mC in blood 1.27 ± 0.08 1.48 ± 0.05 1.34 ± 0.04 1.52 ± 0.11 1.53 ± 0.13 1.68 ± 0.18 -All results were expressed as mean ± SEM CON diet control diet, HFD high-fat/high-fructose diet, STZ streptozotocin, 5-mC 5-methylcytosine Mean values significantly differ from the control, * P \ 0.05, tested by Dunnett's test two or three animals, and they were assigned to the HFD group; if more siblings were available, some were assigned to the control-diet group (Table 3) . The same biochemical parameters measured in the parental generation were used to characterize their progeny. We found that the F 1 generation, regardless of the type of diet, had higher biochemical parameters compared to the F 0 generation (Table 3a , b), and the F 1 animals fed the HFD showed the highest values. The quantities obtained from the males at week 12 were comparable, independent of the diet (Table 3a) . However, at week 24, the effect of the HFD exacerbated the measured parameters (Table 3b) . The females showed similar values at week 12, and the HFD worsened only some parameters (such as postprandial glucose) after 12 weeks more.
Starting at week 12, the elevated levels of circulating glucose and triglycerides, among the other changes, suggested that MS was present in the animals of the F 1 generation. We found that MS develops after week 12 in animals of the F 1 generation almost independent of diet. We did not have any F 1 -CON female animals developing MS (Fig. 1b) . At week 24, more animals were diagnosed with MS, and again, females fed the control diet did not have MS (Fig. 1b) . These results demonstrated early alterations in the biochemical parameters and the presentation of MS at early ages in the progeny of animals fed a HFD.
Finally, from whole blood, we estimated the percentage of 5-mC in the DNA of the F 1 generation. The F 1 males fed with HFD showed similar percentages of 5-mC than those of the F 0 control generation at the same age at the two time points tested, 12 and 24 weeks (Table 4 ). The F 1 males fed the control diet showed a trend to lower percentages of 5-mC than those of the control F 0 . The F 1 females showed higher values than their F 0 control generation at 12 weeks, independent of the diet, but showed similar values at week 24, as well, independent of the diet (Table 4) .
A positive association between MS and the percentage of 5-mC was found, and this association is greater in males than in females (Table 5 ). This strong association suggests that changes in the percentage of 5-mC in the F 1 generation compared to the F 0 CON group occur due to the presence of MS.
Discussion
The experimental diet given to the animals was enriched in saturated fats and fructose to simulate the composition and caloric intake consumed by population in developed countries. This type of diet alters several biochemical parameters, and therefore, it is considered the principal cause of the obesity epidemic (Buettner et al. 2007; Pham and Lee 2012; Yang et al. 2012; Yang and Huffman 2013) . The animals fed the HFD showed metabolic alterations starting at week 12 and fully developed alterations at week 24. At this stage, the metabolic alterations led to a positive diagnosis for MS in some animals, and the number of affected animals increased over time. The HFD male group had the highest values of the biochemical parameters, but there were not a significantly higher number of animals in the HFD male group with MS compared to the corresponding female group. The results we presented completely agree with the hypothesis that explains the increase in the number of overweight individuals worldwide not only by the increase in caloric ingestion but also by the increased amount of saturated fat and fructose in their diets.
We showed that even when the animals received a healthy and balanced diet, a lack of physical activity results in the animals becoming overweight and increasing their risk of developing MS. As stated before, the male control group was overweight from week 36 onward, possibly due to the absence of physical activity of the animals in their small cages. The size of the cages (0.1 m 2 for two or three animals) did not allow the movement of the rats, they move Table 3 Changes in the physical and biochemical parameters for the F 1 generation receiving control diet or HFD at 12 weeks (a) and 24 weeks (b) for feeding or drinking. We believe that the animals, after reaching their maximal development, became overweight due to a lack of exercise in their restricted space. These results support the hypothesis that in addition to the increased caloric intake, the second problem is the lack of physical activity. Acquiring full-blown MS is not necessary to develop complications such as T2D, CVD, or cancer, because alterations in one or two of the biochemical parameters are enough to initiate them. Once started, the induced damage to the organs and tissues could be irreversible, even when treated. Studies suggest that changes in the expression of genes maintained through epigenetic modifications could be the reason for this so-called metabolic memory. Environmental factors such as nutrition can affect the methylation of genes involved in glucose and lipid metabolism (Schwenk et al. 2013) . Recent studies suggest that epigenetic regulation of gene expression could be a major contributor to the susceptibility to diseases such as obesity and type 2 diabetes Schwenk et al. 2013) .
We measured the global amount of 5-mC and determined the biochemical parameters simultaneously. The aim was to demonstrate that changes in the percentage of global methylation occur due to MS. We found different levels of methylation between the male and female controls; the percentage of 5-mC in females was approximately 40 % less than the values of the littermate males. Another finding was that the HFD differentially affected the amount of 5-mC in the two genders: In males, the HFD induced a 20 % decrease, and in females, the HFD induced a 15 % increase. In both cases, the effect persisted until the end of the experiment (48 weeks). To compare our results with previous studies, Gallou-Kabani et al. (2010) demonstrated that consumption of a HFD has an effect on the percentage of global DNA methylation only in females, but we found changes in both genders. Other authors have shown that an increase in the levels of some biochemical parameters is related to changes in DNA methylation in adipose tissue, muscle, and liver (Dunn and Bale 2009; Jiang et al. 2011; Khalyfa et al. 2013; Liu et al. 2013 ), but they focused their studies on specific genes or genomic regions, and they did not analyze global levels of 5-mC. We are unaware of any reports on the difference in the percentage of genomic DNA methylation due to gender, but our results clearly show that males have a higher percentage of 5-mC compared to females at the same time points. The progeny of affected parents have an increased risk of developing the disease, and they develop the disease at an earlier age than their parents did. Our data showed that F 1 animals presented with MS, or at least altered biochemical measurements, at younger ages. The progeny obtained trough the different cross set gave limited number of animals, as it shown before. Even so, their biochemical data were very homogeneous and we are confident of the implications derived from such results. Studies in animal models show that offspring of obese mothers are more susceptible to chronic conditions including obesity and cardiovascular, renal, and metabolic diseases (Henry et al. 2012) . Ng et al. (2010) demonstrated that paternal consumption of a HFD-induced intergenerational alterations in the homeostasis between glucose and insulin in female offspring, and another study showed that parental exposure to a HFD may lead to increased IR in the offspring (Attig et al. 2013 ). There are reports of lasting effects of a high-fat diet and obesity on the progeny; they showed that even when there are changes in the glucose and insulin levels in animals of the F 1 generation, the type of diet has an effect on the F 2 generation (Fullston et al. 2013; King et al. 2013) .
We demonstrated that the HFD induces an early presentation of MS in the progeny of treated animals, and the methylation of their DNA was altered in this F 1 generation. Once more, the number of the animals was not enough to perform a better statistical analysis of the data. The trend of the F 1 generation was to show similar amounts of 5-mC, independent of the diet. After 24 weeks, the F 1 generation has similar levels of 5-mC for the two diet groups, and the values were quite similar to those obtained from the parental (F 0 ) generation at the same age. We do not know whether such similarity has any health implications, but more research is needed in the future.
Conclusion
We showed that the consumption of a HFD, similar to the diet of Western countries, is sufficient to produce obesity, insulin resistance, hyperglycemia, and hypertriglyceridemia, which contribute to the development of MS. The progeny of animals which received the HFD presented abnormal biochemical parameters or MS at younger ages. The presentation of MS is positively associated with changes in the global percentage of 5-mC in the DNA.
